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Valence-Band Photoemission from a Quantum-Dot System
V. L. Colvin and A. P. Alivisatos
Department of Chemistry, University of California, Berkeley, California 94720
J. G. Tobin
Condensed Matter and Analytical Sciences, Lawrence Licermore National Laboratory, Livermore, California 94550
(Received 27 June 1990)
We report the first application of valence-band photoemission to a quantum-dot system. Photoernis-
sion spectra of cadmium sulfide quantum dots, ranging in size from 12 to 35 A radius, were obtained us-
ing photon energies of 20 to 70 eV. The spectra are qualitatively similar to those obtained for bulk cad-
mium sulfide, but show a shift in the valence-band maximum with size.
PACS numbers: 73.20.Dx, 71.20.Fi, 79.60.Eq
The electronic structure of semiconductor quantum
dots is strongly size dependent when the dot diameter is
comparable to or smaller than the bulk exciton diame-
ter. ' Theoretical studies of such systems have predicted
many interesting effects in semiconductor cluster elec-
tronic structure including discrete, well-defined states
near the edges of the band. Optical studies have
confirmed these models of quantum confinement.
Further investigation into quantum-dot electronic struc-
ture away from the band edge has been limited by the
inability to prepare adequate samples for nonoptical
spectroscopies.
In Fig. 1 we present first nonoptical observations of
the electronic structure of semiconductor quantum dots.
A synthetic advance in dot preparation allowed the clus-
ters to be bound to a metal surface, thereby decreasing
the problem of charging, and allowing for the use of pho-
toemission. Such spectra give very different information
from existing optical studies. Figure 1(a) shows the pho-
toemission spectrum in the 0-20-eV binding-energy re-
gime of 38-A-diam CdS quantum dots. This spectrum
provides information about both the shape and absolute
energy of the valence band, in contrast to ultraviolet-
visible spectra, which specify energies of the bands rela-
tive to each other, and give useful information only at
the band edge. Figure 1(b) shows the top of the valence
bands of two sizes of quantum dots. There is a small,
but measurable, blueshift in the valence-band edge in the
smaller dots. The magnitude of the blueshift depends on
quantum confinement, as well as the ability of the dots to
stabilize the positive hole left behind by photoemission.
The solvation of charge in confined systems, although
well studied in gas-phase alkali-metal clusters, has not
previously been measured in condensed-phase semicon-
ductor dots. Unlike optical spectra, the photoemission
data in Fig. 1 represent contributions from all electronic
states of the system and yield information about both the
interior of the dot and its surface.
The experimental application of valence-band photo-
emission to quantum dots was made possible by chemi-
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FIG. 1. Photoemission spectra from CdS quantum dots
bound to metal surfaces, and schematic illustration of the sam-
ples. (a) The spectrum in the 0-20-eV binding-energy regime
of 38-A-diam CdS bound to gold using hexane dithiol. (b) Ex-
panded view of the photoemission valence edge from 24- and
70-A-diam clusters bound to aluminum surfaces. These raw
data have been scaled so that the two spectra give approxi-
mately 3000 counts from 7 to 8 eV (typical count values were
3000 counts/sec), and include points obtained from 50, 55, and
60 eV energies. Extrapolation of the rising edge gives the
valence-band maximum, which is observed to shift to the blue
by 0.63 eV in the smaller clusters.
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cally binding the dots to a metal surface with a short
bridging alkane chain. Quantum dots of the prototypical
II-VI semiconductor CdS with narrow size distribution(+ 3% in diameter) were prepared in colloidal solution
and then bound to a metal surface. Three diA'erent
sizes of CdS quantum dots were prepared by established
techniques. ' Characterization of these samples includ-
ed x-ray diff'raction, ultraviolet-visible spectroscopy,
transmission electron microscopy (TEM), and resonance
Raman scattering. All data were consistent with mono-
disperse, highly crystalline clusters of 12, 19 and 35 A
radii. Bifunctional organic groups were used to co-
valently bind the clusters on one side and the metal sur-
faces on the other. In one case, the 19-A-radius CdS
clusters were bound to a gold surface via hexane dithiol
[see Fig. 1(a)] using the strong gold-sulfur bond as an
anchor. '' In a second method, the 12- and 35-A-radii
CdS were coated with carboxylate groups which then
formed bridging bonds to an aluminum surface' [see
Fig. 1(b)]. Tight-binding calculations' of the band gap
in small particles were used to extract the sizes of the
clusters from their solution-phase ultraviolet-visible spec-
tra. These sizes were in agreement with those obtained
from TEM images. The cluster-coated metal surfaces
were characterized by contact angle, x-ray photoemission
spectroscopy, resonance Raman scattering, Rutherford
backscattering (RBS), and TEM measurements. The
size-dependent resonance Raman spectra and resonance
Raman excitation spectra of the metal/cluster samples
both provide a measure of the size of the quantum dots
bound to the metal surface. ' The size measured this
way is in agreement with measurements of the quan-
tum-confined optical spectra of the dots in solution.
From this we conclude that the dots are deposited intact
and without aggregation on the metal surface. From
Raman cross-section measurements and RBS, we esti-
mate the coverage to be 0.4 monolayer, where 1 mono-
layer is a close-packed array of CdS clusters.
Photoemission studies of the clusters were performed
on the 4-m normal-incidence monochromator at the Uni-
versity of Wisconsin Synchrotron Radiation Center's 1-
GeV ring, Aladdin. Photons in the 20-70-eV range were
selected with 50-meV resolution. The metal-bound semi-
conductor cluster samples were mounted on a copper
block attached to a liquid-nitrogen-cooled manipulator in
a UHV chamber with a base operating pressure of
3x10 torr. Tantalum masks exposed only the center
of each film, and allowed the film to make electrical con-
tact with the rest of the spectrometer. Several samples
composed of cluster powders pressed into aluminum foil
were also loaded on the sample holder. (These samples
yielded broad, low signal levels due to sample charging. )
The capabilities of the photoelectron spectrometer used
in these experiments have been demonstrated else-
where. ' Although the spectrometer is angle resolved,
the spectra in this experiment are inherently angle aver-
aged since the clusters have a random orientation with
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FIG. 2. Energy shift of the valence-band maximum vs clus-
ter size. The points are experimental, and unlike the data in
Fig. l, have been reported for each photon energy separately
and include 70-eV data for 38- and 70-A-diam dots. (a) Since
the shifts are independent of absolute position, the largest size
shift was fixed to be 0.038 at a radius of 35 A in agreement
with Eq. (1). The other two data sizes are then in poor agree-
ment with the predicted size dependence which includes only
quantum confinement. (b) As in (a) the 35-A shift was fixed
to be 0.217 in agreement with Eq. (3). The additional two
data points are then in good agreement with theory, which in-
cludes a dielectric polarization term as well as quantum con-
finement.
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respect to the metal. Typical pass energies were 20 eV
or less, resulting in an upper limit of 140 meV for the
resolution. All binding energies in this paper are report-
ed with respect to the Fermi energy of freshly evaporated
gold.
Photoemission spectra of CdS clusters bound to metal
surfaces are shown in Fig. 1. The photoemission spectra
of the CdS clusters are qualitatively similar to bulk CdS
data. We assign the peak at 11 ~ 66-12.52 eV to the shal-
low 4d cadmium core; photoemission on bulk CdS indi-
cates this core level to occur at 11.35 ~0.55 eV. ' This
peak increases in size relative to the rest of the spectrum
as the ionizing photon energy is increased, consistent
with theoretical calculations of the 4d cadmium cross
section, which indicate a resonance near 60 eV. '
The second broad feature at 6 eV is due to the valence
band of the clusters. These bonding electrons belong to
both the interior and the surface of the cluster, given
that the escape depth of the photoelectrons in this range
is 10-30 A. ' The shape of the spectrum resembles that
of the angle-integrated CdS single-crystal data, with
some additional broadening. ' The absolute position of
the valence-band edge depends on cluster size, as shown
in Fig. 2. By definition the valence-band maximum E,b
is the intercept of the linear extrapolation of the leading
edge with the energy axis. ' From Fig. 1 it is evident
that as the cluster becomes smaller the valence edge
shifts to higher binding energy. (The data shown in Fig.
1 are raw data, obtained from 50, 55, and 60 eV photon
energies. The x axis, binding energy, was determined by
subtracting the kinetic energy of the electrons plus the
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where mp is the hole effective mass and R is the cluster
radius. We expect an additional shift, from the loss of
dielectric solvation energy in smaller particles. Since the
final state in photoemission is ionic, its energy is stabi-
lized by the polarization of the surrounding atomic cores.
Brus has considered the magnitude of this stabilization
for a finite dielectric surrounded by vacuum. ' Inside a
dielectric sphere of radius R the potential from a point
charge is
r
e ~ (e —1)(n+1) rUr 2R, =
~
e(en+ n+ 1) R
217
(2)
where r is the position of the charge and t.. is the high-
frequency dielectric constant of cadmium sulfide. Equa-
tion (2) reduces to the bulk result for large R. The shift
due to the ionization potential can then be found by cal-
culating a weighted average of Eq. (2) over the hole
wave function. This term, in addition to the kinetic-
energy term, describes the shift of the valence band with
size:
hE =6 x /2m' R + (e /2R )U, (3)
where U is the average of Eq. (2) over the 1S wave func-
tion of the hole in the crystallite. The two terms, one
due to the kinetic energy and one due to the polarization,
have the same sign.
Figure 2(b) shows a plot of the energy of the max-
imum of the valence band versus cluster size as predicted
by Eq. (3) versus the data from our experiment. We
have also included the predictions of just the quantum-
confinement model from Eq. (1) for comparison [Fig.
2(a)]. In these graphs, the energy shift of the largest dot
relative to bulk CdS was adjusted to agree with theory,
with the two remaining points plotted relative to it. It is
impossible to use literature values of the bulk E,b to set
this point since literature values of E„b for CdS single
crystals vary over 1 eV. ' ' ' Such variation is not
surprising given that the exact difference between the ex-
perimental EF and the E„b is sensitive to many experi-
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work function from the photon energy. ) The magnitude
of this shift is 0.63~0.15 eV between the largest and
smallest quantum dots studied here. This effect is not a
translation of the entire spectrum as would be the case
with band bending; rather it manifests itself as a change
in the slope of the photoemission threshold. This effect is
due to changes in the electronic structure of the quantum
dots.
The valence-band edge shifts to larger binding energy
in smaller clusters. This observed shift corresponds to a
narrowing of the valence band and correlates well with
optical measurements of band-gap broadening. The sim-
plest model of quantum confinement, within the effec-
tive-mass approximation, predicts a shift of the valence
edge with size according to'
hE =6 x /2ml R
mental conditions, such as surface cleanliness, Ohmic
contact between the sample and detector, artificial dop-
ing, and intrinsic sample impurities. Thus, it is only
possible to compare values of E,b obtained within the
same experiment. Figure 2 illustrates that in the size re-
gime in which we are working the contributions to the
shift from quantum confinement and from solvation are
comparable in size, and both must be included to achieve
satisfactory agreement with experiment. While we are
assuming the 1/R and 1/R dependences to be from hole
destabilization and quantum confinement, future experi-
ments in which the dot to metal distance, the nature of
the spacer, and the identity of the metal are systemati-
cally changed will further test this model.
One feature of the data presented in Fig. 1 is that un-
like bulk CdS valence bands obtained from angle-re-
solved photoemission, ' the valence bands of these sam-
ples have no structure. Since the crystalline clusters are
randomly oriented, their valence bands are smeared by
the inherent angle averaging of this experiment. Also,
the total density of electronic states in the clusters, as
reflected in the photoemission spectra, has a contribu-
tion, particularly in the 6-9-eV range, from the organic
molecules on the surface. ' This contribution can be elu-
cidated by studies in which dot diameter is kept constant,
and the nature of the surface species is systematically
varied.
Another feature of the data presented in Fig. 1 is that
the clusters, whether bound to gold or aluminum, give
qualitatively similar spectra. This insensitivity to the
metal surface is not surprising given that the escape
depth of the photoelectrons at these energies, 30-70 eV,
is 10-30 A.. ' With a uniform coverage of clusters 24 to
70 A in diameter, the spectra only reflect the density of
states of the cluster. In contrast to these ultraviolet pho-
toemission spectroscopy spectra, x-ray photoemission
data on these same samples show significant features
from the metal surfaces, reflecting the increased escape
depth of the higher-kinetic-energy electrons.
Photoemission spectra have been obtained for clusters
of CdS ranging in size from 12 to 35 A radius. The
preparation of a film of clusters bound to a metal was
crucial since spectra from powders gave broad, small sig-
nals. Features in the spectra could be assigned to the
cadmium 4d core and the CdS valence band. The sur-
face of the cluster did not contribute a noticeable feature
to the data. The data show a small, but measurable shift
of the valence-band maximum to higher energy in small-
er clusters. We attribute this shift to a combination of
quantum confinement and loss of dielectric solvation en-
ergy in smaller particles. This study establishes the
feasibility of using photoemission to study quantum dots.
Using the method we have developed for attaching the
quantum dots to the metal surface, it is possible to
change the metal, the chemical nature of the organic
linker, and the distance from the quantum dot to the
metal. Thus we will be able to further test the origin of
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the observed changes in the photoemission spectra with
dot size.
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